Various studies have shown that the properties of mineral filler especially the material passing 0.075 mm (No. 200) sieve (generally called P200 material) have a significant effect on the performance of asphalt paving mixtures in terms of permanent deformation, fatigue cracking, and moisture susceptibility. However, researchers have employed different characterization tests for evaluating the P200 materials.
INTRODUCTION
According to various studies the properties of mineral filler especially the material passing 0.075 mm (No. 200) sieve (generally called P200 material) have a significant effect on the performance of asphalt paving mixtures in terms of permanent deformation, fatigue cracking, and moisture susceptibility. However, researchers have employed different characterization tests for evaluating the P200 materials. This study was undertaken to determine which P200 characterization tests are most related to the performance of asphalt paving mixtures.
REVIEW OF LITERATURE
Numerous studies have shown that the properties of mineral filler (especially the material passing No. 200 sieve) have a significant effect on the properties of the HMA mixtures. The introduction of environmental regulations and the subsequent adoption of dust collection system (baghouse) has encouraged the return of most of the fines to the HMA mixture. A maximum filler/asphalt ratio of 1@2 to 1@5, based on weight, is used by many agencies to limit the amount of the minus 200 material. However, the fines vary in gradation, particle shape, surface area, void content, mineral composition, and physico-chemical properties and, therefore, their influence on the properties of HMA mixtures also varies (1) . Therefore, the maximum allowable amount should be different for different fines.
Fines can influence the performance of HMA mixtures as follows.
1. Depending on the particle size, fines can act as a filler or as an extender of asphalt cement binder (2, 3, 4) . In the latter case an over-rich HMA mix can result leading to flushing and/or rutting. In many cases, the amount of asphalt cement used must be reduced to prevent a loss of stability or a bleeding pavement (5). 2. Some fines have a considerable effect on the asphalt cement making it act as a much stiffer grade of asphalt cement compared to the neat asphalt cement grade (1, 3, 6, 7) , and thereby affect the HMA pavement performance including its fracture behavior (8, 9) . 3. Some fines make the HMA mixtures susceptible to moisture-induced damage (1) .
Water-sensitivity of one source of slag baghouse fines has been reported in the United States (5) , and the water-sensitivity of other stone dusts has been reported in Germany (10) . Stripping of HMA mixtures as related to the properties of filler/asphalt combinations (fillers were obtained from operating HMA plants) has been reported in Japan (11) .
It is very important to characterize the fines so that the performance parameters of HMA pavements (resistance to permanent deformation, stripping, and fatigue cracking) are not compromised.
MATERIALS, TESTS, AND TEST DATA

P200 Materials and Tests
Six aggregate sources (Table 1) were chosen to represent a wide range of mineralogical composition and particle sizes. These materials were obtained by dry sieving fine aggregate parent rock over a 75 :m (No. 200) sieve. The following tests were used to characterize the P200 materials.
• Void content in fines (generally called Rigden voids) compacted to maximum density has been used by researchers for characterizing the fines. Void content is regulated by four basic properties of fines-particle shape, particle size, particle-size distribution, and particle surface structure (1) . A sample of vacuum-oven dry sample of fines is either vibrated in a graduate cylinder (1) or compacted in a small mold by a compaction hammer (12, 13) to maximum packing. Mass (g) of the compacted fines is divided by the compacted volume (cm 3 ) to calculate bulk specific gravity (G fB ) of compacted fines. Apparent specific gravity (G fS ) of the fine solids is determined by AASHTO T 133 using kerosene. Void content (V) in the fines compacted to maximum density is then calculated as follows:
Both British Standard BS 812 (12) and Penn State modified equipment (13) were used to determine Rigden Voids. They are based on the same concept but use a different compactive effort.
Particle size analysis was conducted with a Coulter LF200 Particle size analyzer. From this analysis, several parameters were determined. The relative fineness of an aggregate can be determined by the calculated fineness modulus (FM). Fineness modulus of the P200 material was calculated by dividing by 100 the sum of the percentages of P200 material coarser than 75, 50, 30, 20, 10, 5, 3, and 1 microns. The finer the aggregate, the smaller the fineness modulus. Parameters D10, D30, and D60 were also determined from particle size analysis. These parameters are the particle sizes that correspond, respectively, to 10, 30, and 60% of the material passing. The specific surface area (cm 2 /ml) or SA was the final parameter obtained from this analysis.
The methylene blue (MB) test is used by the International Slurry Seal Association (ISSA) to quantify the amount of harmful clays of the smectite (montmorillinite) group, organic matter and iron hydroxides present in fine aggregate (14). The principle of the test is to add quantities of a standard aqueous solution of the dye (methylene blue) to a sample until adsorption of the dye ceases.
The German filler test is a measure of the amount of mineral filler required to absorb 15 grams of hydraulic oil. The hydraulic oil is put in a small bowl, then 45 grams of mineral filler is added and mixed. An attempt is made to form a ball with the mixture. If a ball is formed and holds together, more mineral filler, in 5-g increments, is added. This process is continued until the mixture loses cohesion. At this point, all of the hydraulic oil is fixed in the voids of the P200 material and there is no excess to hold the particles together. The total amount of P200 added to the hydraulic oil is reported as the test value. Table 1 contains the results of the P200 characterization tests. Each value is the average of three replicates. Table 2 contains the correlation matrix between aggregate properties. The correlation coefficients (R values) are the first number in each cell. The second number in each cell is the statistical significance level (P) corresponding to the correlation coefficient.
Rigden voids, British method and Rigden voids, Penn State modified have a good correlation (R=0.78, P=0.06) with each other because both measure the voids in the compacted P200 material although with different compactive efforts. Rigden voids, Penn State modified, has an excellent correlation with the German filler test, whereas Rigden voids, British method, has only a fair correlation with the German filler test.
The German filler test is based indirectly on the Rigden voids concept. If the Rigden voids are high, the amount of P200 material needed to reach the end point of the test is relatively low because more hydraulic oil is fixed by the high voids. The German filler test does not require any special equipment and is very simple to perform and can potentially be substituted for Rigden voids, Penn State method. The test parameters fineness modulus (FM), specific surface area (SA), D10, D30, and D60 are strongly related with each other as shown in Table 2 . All correlations are significant at the 5% level.
Rigden voids, Penn State method, and Rigden voids, British standard, do not have any correlation with the particle size parameters. As mentioned earlier, Rigden voids are regulated by particle shape and particle surface texture besides particle size.
Mixture Validation Tests
Twelve HMA mixes were evaluated in this study. The six P200 aggregates in both 0.8 and 1.5 F/A ratios were combined with limestone coarse and fine aggregate to produce validation mixes. All limestone was washed over a 75 :m (No. 200) sieve prior to batching to remove the P200 material. Limestone was chosen as the coarse and fine aggregate so that moisture susceptibility would not be caused by the base aggregate. Moisture susceptibility differences, if any, can then be attributed to the effect of the P200 material. Figure 1 shows the HMA mix gradation used for the 0.8 F/A ratio (5% passing 75 :m sieve). The HMA mix gradation for the 1.5 F/A ratio was same as that for 0.8 F/A ratio except it had 8% passing 75 :m sieve.
A Superpave PG 64-22 grade asphalt cement was used in all HMA mix testing. Optimum asphalt content was determined by Superpave volumetric mix design for a mix containing all limestone aggregate (including the P200 fraction) using the 0.8 F/A ratio. ESALs). This asphalt content and same compactive effort was used for all validation mixes. However, relatively low air voids (average of 2.8 percent) were generally obtained in validation samples. It is quite possible that in some cases it can be attributed to P200 material's potential action as an extender.
Figure 1. HMA Mix Gradation
Permanent Deformation and Fatigue Cracking
Specimens were made to be tested by the Superpave shear tester (frequency sweep at constant height and simple shear at constant height) and the indirect tensile tester for evaluating the HMA resistance to permanent deformation and fatigue cracking (15, 16) . The testing of the compacted specimens was performed by the Asphalt Institute.
The following three individual test parameters which are used in the Superpave intermediate mix analysis were used to determine the propensity of the HMA mixtures to permanent deformation (rutting) and fatigue cracking. 1. G*/sin* at 0.1 hertz. G*/sin* of the HMA mix is similar to G*/sin* (rutting parameter) of PG graded asphalt binder. It is a measure of HMA stiffness at high pavement temperature (40 0 C) at a slow rate of loading (0.1 cycle/second). Higher values of G*/sin* indicate increased stiffness of HMA mixtures and, therefore, increased resistance to rutting. G* is the complex modulus and * is the phase angle when HMA is tested under dynamic loading. 2. Slope (m) of the frequency vs G* plot.
The m value was obtained from the frequency sweep at constant height conducted by the Superpave shear tester (SST) at high effective temperature (40°C) for permanent deformation or T eff (PD) with frequencies ranging from 0.01 hertz to 10 hertz. In other words, G* (stiffness) of the compacted HMA specimen is measured at different frequencies. The slope (m) of the best fit line on the frequency vs G* plot is calculated. This slope represents the rate of development of rutting for the tested mix and is used in the Superpave model as such. The lower the m slope, the better is the mix's resistance to rutting. 3. G*sin* at 1.0 hertz G*sin* of the HMA mix is similar to G*sin* (fatigue factor) of the asphalt binder. AASHTO T-283 was also used to measure the moisture-susceptibility of the HMA mixes in terms of tensile strength ratio (TSR). Table 3 contains all mixture validation test results. The main objective of the statistical analysis is to correlate the P200 aggregate properties with HMA properties determined by the mix validation tests. Table 4 shows the correlation matrix between the P200 aggregate properties and the HMA properties at the 0.8 F/A gradation. Table 5 shows the correlation matrix between the P200 aggregate properties and HMA properties at the 1.5 F/A gradation. G*/sin * @ 0.1 hz and m (the slope of the best fit line on the frequency vs G* plot) were the two HMA parameters chosen to indicate the rutting potential, as mentioned previously. Neither of these parameters correlates to any of the P200 aggregate tests at a significant level (P<0.05) in the 0.8 F/A ratio gradation. However, good correlations were obtained between the rutting parameters and the gradation indicators (fineness modulus, D10, D30, D60, and specific surface area) in the 1.5 F/A ratio gradation. There were no significant correlations between P200 properties and G*sin * (fatigue factor) in either 0.8 F/A ratio or 1.5 F/A ratio gradations. TSR correlated well with the gradation parameters at the 0.8 F/A ratio. However, with this exception, no significant correlations were seen between stripping parameters and P200 aggregate tests at either the 0.8 F/A ratio or the 1.5 F/A ratio.
Mixture Validation Data and Statistical Analysis
The correlations are generally better for the F/A ratio of 1.5 (because higher amounts of P200 were used) than F/A ratio of 0.8. Therefore, P200 tests can be better related to HMA performance at F/A ratio of 1.5 which will be primarily used in this study to select the P200 tests which are related to HMA performance. It appears from Table 5 that the fineness of P200 material expressed by the test parameters D60, D30, D10, fineness modulus, and specific surface area is significantly related to permanent deformation of HMA at high concentration levels of P200 in the mix.
As mentioned earlier, no significant relationships are observed between P200 aggregate properties and HMA rutting parameters (G*/sin* @ 0.1 hz and m) or HMA fatigue parameter (G*sin*) at a F/A ratio of 0.8. This indicates that at low concentration levels of P200, the effect on rutting and fatigue is not statistically significant.
It appears from Table 5 that the fineness of the P200 material (especially D10) has a significant effect on the retained tensile strength (TSR). Since parent rocks (limestone) of the coarse aggregate and fine aggregate are the same in all mixes (only the P200 is different), the effect of binder stiffening (caused by the P200 material) appears to be dominant in these mixes. The smaller the size of P200 (especially D10), the more the binder is being modified and/or extended and thus gives increased resistance to stripping in AASHTO T283 test.
Surprisingly, no P200 aggregate tests has any significant relationship with stripping when measured by the Hamburg wheel tracking device. Methylene blue has the highest (although insignificant at the 0.05 level) relationship with the inflection point. Obviously, the Hamburg wheel tracking test, which is conducted with HMA slabs submerged in hot water (50°C) and subjected to mechanical action, is significantly different than the stripping process in AASHTO T283, which does not involve any mechanical action.
Again, similar to the results obtained in mixes with F/A ratio of 1.5, the fineness of the P200 material has a significant effect on the retained tensile strength (TSR) at a F/A ratio of 0.8 ( Table  4) .
As also observed in mixes with F/A ratio of 1.5, no P200 test has any significant relationship with stripping when measured by the Hamburg wheel tracking device. Methylene blue is the only independent variable which has the highest (but not significant at the 0.05 level) correlation with inflection point (R= -0.48, P=0.34).
The forward selection multiple variables procedure given in the SAS program was used to select the P200 tests which are related to HMA performance parameters. The forward selection procedure begins by finding the variable that produces the optimum one-variable subset, that is, the variable with the largest coefficient of determination or R 2 . In the second step, the procedure finds that variable which, when added to the already chosen variable, results in the largest increase in R 2 and so on. The process continues until no variable considered for addition to the model provides an increases in R 2 considered statistically significant at the specified level (P = 0.05 for this study). Table 6 contains the P200 tests selected in the forward selection procedure and the corresponding regression equations relating the P200 aggregate tests to the HMA performance parameters.
The selection of the P200 aggregate tests that best relate to the HMA performance properties will be based solely on the information taken from the 1.5 F/A gradation testing. This is because 1.5 F/A ratio seems to correlate much better with the HMA performance properties compared to 0.8 F/A ratio due to an increased amount of P200 material in the mix. The models of 0.8 F/A ratio generally have low coefficient of determination or R 2 values and insignificant P values.
Permanent Deformation
G*/sin* @ 0.1hertz at High Temperature High G*/sin * values indicate increased resistance to permanent deformation or rutting. The two-variable model (see Table 6 and Figure 2) gives D60 as the primary independent variable and methylene blue as the second independent variable. The coefficient of determination or R 2 value of this model is 0.94 (P=0.015) which is excellent. As the particle size (at 60% passing) decreases, the G*/sin * (stiffness or resistance to rutting) increases. It appears that the finer the P200 material, the more it modifies the asphalt binder and stiffens the HMA mix. The model also indicates that the higher the methylene blue value (another indication of the presence of very fine P200), the higher is G*/sin *. = 0.95, P= 0.01) gives D60 as the primary independent variable and methylene blue as the secondary independent variable affecting m (see Table 6 and Figure 3 ). This is similar to G*/sin * @ 0.1 hertz.
It is recommended to use D60 and methylene blue as the P200 tests which are related to HMA performance in terms of permanent deformation.
Fatigue Cracking
G*sin * @ 1.0 Hertz at Intermediate Temperature High values of G*sin * indicate high mixture stiffness at intermediate temperature and therefore increased fatigue cracking. The twovariable model for G*sin * @ 1.0 hertz indicates methylene blue as the primary independent variable and Rigden voids, British standard as the secondary variable. This is similar to the rutting models in that higher values of methylene blue indicate stiffer HMA mixes. However, the model has a R 2 value of 0.75 and a level of significance of 0.12 (greater than the desired 0.05). Therefore, it appears that the effect of P200 material at the 1.5 F/A ratio is statistically not significant and, therefore, no P200 test is recommended for fatigue cracking. .82, P=0.08) consists of D10 (P200 size at 10% passing) as the primary independent variable (R 2 =0.68, P=0.04) and specific surface area (SA) of P200 as the secondary independent variable (Table 7) . TSR increases as the P200 becomes finer at 10% passing (D10 decreases). It appears that very fine size P200 at 10% passing level is stiffening the F/A binder and thus providing increased resistance to stripping. The literature review has indicated that high viscosity asphalt binders offer increased resistance to stripping compared to low viscosity asphalt binders, all other things being equal.
The two variable model (see Table 7 ) for TSR obtained at 0.8 F/A ratio is much better than that obtained at a 1.5 F/A ratio. It has a R 2 value of 0.98 (P=0.003) and it has D10 and methylene blue as the primary and secondary independent variables affecting HMA stripping. This indicates that the fineness (D10) of the material as well as the nature (methylene blue) of the P200 material affects HMA resistance to stripping (Figure 4 ). It appears that the two-variable model for TSR obtained at a 1.5 F/A ratio had a lower R 2 value and higher P value because large amounts of fines stiffened the asphalt binder too much and masked the effect of the nature of the fines. Based on the TSR obtained by AASHTO T283, D10 and methylene blue are the recommended P200 aggregate tests which are related to stripping of HMA mixes. As stated earlier, D10 indicates the fineness of the P200 material and methylene blue indicates both fineness and nature of the P200 material.
Hamburg Wheel Tracking
The inflection point obtained in this test represents the number of passes at which stripping starts to occur in the HMA mix. The larger the inflection point (number of passes), the higher is the mix's resistance to stripping. The two-variable model for inflection point at a 1.5 F/A ratio has a low R 2 (0.58) and high P value (0.28) and therefore, is not considered statistically significant (Table 7) . This model has methylene blue and specific surface area as the primary and secondary independent variables affecting stripping. The higher the methylene blue value, the lower the inflection point and hence resistance to stripping. This is in agreement with the observation made in case of TSR obtained by AASHTO T283.
The two-variable model for inflection point at a 0.8 F/A ratio is significantly better than that at a 1.5 F/A ratio (Table 7) . This is in agreement with the trend seen in the case of TSR. The twovariable model (R 2 =0.98, P=0.003) has D30 as the primary independent variable and Rigden voids, British standard as the secondary independent variable affecting resistance to stripping. It should be noted that D30 has a high correlation (R=0.99, P=0.0001) with D10 which was selected as the primary independent variable in case of TSR. It is not understood why the Rigden voids, British standard was selected as the secondary independent variable by the statistical analysis. Normally, higher Rigden voids cause stiffer F/A systems and, therefore, should result in increased resistance to stripping (or higher values of inflection point). However, the model shows an opposite effect, because the slope of regression is negative.
It should be realized that AASHTO T283 and the Hamburg wheel tracking device are significantly different stripping tests, although the VTM values of the test specimens are comparable (7±1 percent). AASHTO T283 involves curing of the mix in a 60°C oven for 16 hours followed by vacuum saturation of HMA, then immersion in a hot (60°C) water bath for 24 hours, transfer to 25°C water bath for two hours, and then testing for tensile strength. Hamburg wheel tracking does not involve any vacuum saturation. It does involve immersion of the HMA in a 50°C water bath. However, while immersed, the sample is subjected to the loaded wheel tracking device and rut depth measurements are taken. A repeated, dynamic mechanical load is applied to the HMA in Hamburg wheel tracking device whereas no such loading is applied in AASHTO T283. The conditioning and testing of HMA is significantly different in these two tests. Therefore, it is not surprising that different independent variables were selected in these two mix validation tests.
It is recommended that D10 and methylene blue be used for HMA performance in terms of stripping, taking into consideration both AASHTO T283 and Hamburg wheel tracking tests.
D10 is the primary independent variable in case of TSR. It has high correlation with D30 (R=0.992, P=0.0001) which was selected as the primary independent variable in Hamburg wheel tracking test.
Methylene blue is the secondary independent variable in case of TSR. This test indicates the nature and fineness of the P200 material.
CONCLUSIONS AND RECOMMENDATIONS
The following conclusions can be drawn from this study.
1. Permanent deformation. The permanent deformation data obtained by the Superpave shear tester in terms of G*/sin * @ 0.1 hertz and m value (slope of frequency vs. G* plot) indicates that D60 (the particle size of P200 material at 60% passing) is the primary independent variable and the methylene blue value is the secondary independent variable affecting permanent deformation of HMA mixtures. It appears that the finer the P200 material, the more it modifies the asphalt binder and stiffens the HMA mix. Both lower values of D60 and higher values of methylene blue indicate finer P200 material. 2. Fatigue cracking. The fatigue cracking data obtained by the Superpave shear tester in terms of G*/sin* @ 1 hertz did not indicate any statistically significant correlation with any of the P200 properties evaluated in this study. 3. Stripping. The stripping data obtained by AASHTO T283 indicates that D10 (the particle size of P200 at 10% passing) is the primary independent variable and methylene blue is the secondary independent variable affecting the stripping potential of HMA mixes. D10 indicates the fineness of the P200 material and methylene blue indicates both fineness and nature of the P200 material.
The following tests that are related to HMA performance are recommended for evaluating aggregates for hot mix asphalt mixtures. 
